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@ Outline

* Introduction

« CANCER & Charged Particle Therapy
 The Neutrino Factory

e The ns-FFAG Accelerator

(non-scaling Fixed-Field Alternating Gradient)
EMMA
PAMELA

« Summary
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@ Introduction

 There are more than 17,000 particle
accelerators (> a few MeV) worldwide
— Most are used in medicine
* Linacs, cyclotrons, some synchrotrons...
— Next most common in industry
* lon implantation etc
— Synchrotron Radiation Sources
* Mostly synchrotrons, coming soon - linacs

— Neutron and radionuclide sources
* Linacs, cyclotrons, synchrotrons, something weird

and
— For particle physics!

» A few big synchrotrons (& colliders)
— Often with Linacs at the front end

 And coming soon (maybe) the ILC

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues
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Incidence of Cancer in the UK

Figure 2.1: Numbears of new cases and age-specific incidence rates by
sex, all neoplasms (exc NMSC), UK 2002
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* 12.5% probability, all types (except skin cancer) by 65
— Rises to more than 1/3 for whole-life
— Around half are associated with specific risks

— Statistically, some will be close to sensitive tissue
« and difficult to treat surgically or chemically

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



B An important statistic

“ Radiotherapy remains a mainstay in the
treatment of cancer. Comparison of the
contribution towards cure by the major cancer
treatment modalities shows that of those
cured, 49% are cured by surgery, 40% by
radiotherapy and 11% by chemotherapy”.

RCR document BFCO(03)3, (2003).

Chemotherapy provides by far the smallest contribution
towards cancer cure yet is much more expensive than
radiotherapy and generates a disproportionately large
research and media interest.

Imperial College
Roger Dale, Hammersmith Hospital and Imperial College




@ Development of Cancer Radiotherapy

1895 : Konrad Rontgen’s X-
rays
* 1898 - Marie Curie’s Radium

 Radium and x-ray machines
used to treat cancer

 Most current radiotherapy
uses High energy X-ray
beams from linear
accelerators or ‘linacs’

« These X-ray beams pass
through entire thickness of
body Modern Linac

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



X-ray therapy began within months of Roentgen’s discovery

1896 patient, Vienna: 70 years later

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues
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@ Intensity Modulated Radiation Therapy (IMRT)

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ The Bragg Peak
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Why use protons?

% %DQSE
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Can we do better?

The Bragg Peak\L

Dose
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Is it better?

0 10 20 a0 40 50 &0
Dose [Gy]
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Medulloblastoma in a child

With Protons
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@ (from Gillies McKenna)

“When proton therapy facilities

become available it will become

malpractice not to use them for
children.”

Herman Suit, M.D., D.Phil.
Chair, Radiation Medicine
Massachusetts General Hospital

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Why use Carbon?

photons

biol. eff. dose: Carbonions
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Daniela Schulz-Ertner, Heiddelberg
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Can we do even better?

Dose

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ Does it work?

Cancer of the Kidney
Stage I: Tla NO MO
80GyE / 16fr. /4wks

From Japan

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ Prostate Cancer Results .

Treatment results: Conventional radiation (by dose) versus
proton therapy
Recurrence Conventional radiation <60GY
40% Conventional radiation 60-65GY

Conventional radiation 70GY
30% -

20% - - Conventionatradiation >75GY

10% -

0% . . .
0% 10% 20% 30% 40% 50% 60% 710%
Complication

Loma Linde
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Japan: Tsukuba University
New Proton Medical Research Centre, 2001
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A rotating gantry
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The Standard Model

The Standard Model Effective Lagrangean
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6 quark masses
- m, m,m,
- my mg m,
3 lepton masses
- m,m m,
2 vector boson masses
- M, M,
* (m, m =0)
1 Higgs mass
- M,
3 coupling constants
— Gg o oy
3 quark mixing angles
— 042,053 043
1 quark phase
- 0

Neutrino masses identically 0!!!!



@ Neutrino Mixing

Atmospheric 3G solar Majorana
AmG,| = (2.38+0.27) x10°ev 2
) o UMN?: ) - ) sin? @, = 0.45:2.19
1 Gs €| [G % Lo AMZ, = (7.66+0.35) x 1056V 2
Cs $5(® _ 1 ®-s, G ® €& | gn? 6., =0-326T0%054
5. G |-5£° & || 1 | ¢ | dn? 8y, < 0,022
[ QL3 SLs s€] 1 ] Sign(Arréz) unknown
= -GS SSEE G SSSE Gx|® € 8, e, /3 unknown
| 55, SGLE° —SH9LSE G| | & masses<O(1ev) 25
Parameters of neutrino oscillation C;=COSq; Fogli et al, 2008

S, =sing;;
1 absolute mass scale m,, L

, , Am; =m? -m;
2 squared mass diffs Am, , Am;, Am2, = A, + An,
3 mixing angles 0,,,0, .0,
1 phase 5 (alwayssind,.e®)
2 Majorana phases o,
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@ Why is it hard to measure the parameters?
— AmZ, L
P(Vﬂ — Ve)_ 4(313312(C12 23)Sm ( 5 )
2 2 2 2 2 22 A 21L
4C13312( 2Co3 = S1o9353 — 2C12C23512323513 )Sl ( 7 )
5 Am32L Am31|— A 21L
+ BC715,,513555(G0C5 0SS - slzslg 23 cos Sn( )9 n( 7 )

_|_4C23512352233|n (Arr113 25 V =V, & a=-a

2
— 8C2C15C0581,S15S, SN O Sn(Am32L) A”‘“L)Sn AZ‘?L)

— 8¢5, c:os(m'zL )su n(Am31L) (AmﬂLXl 2<%, %

a=202 G.nE, =7.6105rE

Where is the electron density ; r is the density (g/cm?) ; E is the neutrino energy (GeV)

C;=Cos(;;, Sij=Si ng; (Richter: hep-ph/0008222)
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@ What to Measure?

Neutrinos
Ve disappearance
v, = v, appearance ... and the
Vv, = V. appearance corresponding
antineutrino
vy disappearance interactions

v, 2 V. appearance
v, 2 Vv, appearance

Note: the beam requirements for these experiments are:
high intensity known flux

known spectrum known composition
(preferably no background)

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ CP-violation
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Ken Peach




@ A Neutrino Factory is ...

.. an accelerator complex
designed to produce
>1029 muon decays per

Proton Driver

Hg Target

year directed at a Capture
detector thousands of Drift
km away Buncher
Bunch Rotatio
Cooling

Acceleration

. heed to accelerate
muons very quickly

[@5 GeV, t,,~0.1msec] Dogbone

1.5-5.0 GeV

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues
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@ Classical Accelerator Types

Type Magnetic RF Radius
Field

Betatron Variable X Fixed
Cyclotron Fixed ‘/ Variable
Synchrotron Variable v Fixed
FFAG Fixed ‘/ ~Fixed
Linear accelerators s ‘/ o
(Linacs)

+ assorted others — electrostatic, RFQs etc ...

+ new ideas (laser-plasma for example) ...

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ Fixed Field Alternating Gradient accelerators

Type Magnetic Field RF Radius
FFAG Fixed 4 ~Fixed

 Fixed-Field (like a cyclotron)
— Rapid acceleration possible
— Rapid cycling possible
. Alternating Gradient (like a synchrotron)

— Focussing!!!!
« Smallen magnets/beam pipe/vacuum system

e ... and large acceptance

* The best of both worlds!
— So why is the world not full of FFAGs?

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Early FFAGs (1955-1960)

*  MURA built several electron FFAGs in the 1950s

20 70 400 xeg
HLOXMLVE

% Radial sector Spiral sector
Large complicated magnets

- c.f. Cyclotron - large simple magnets

* c.f. Synchrotron — small simple magnets

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues




Newer FFAG’s (post-2000)

 The Japanese have built two “proof
of principle” proton FFAGs

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ ... but ...

... the magnets are LARGE and COMPLICATED o Why? Orbit excursion ~ 0.9m
Kk
- "
rO

where k >> 1

oc [ k+1
 Why does k have to be so large? p

1. Larger k means stronger focussing

2. k>0 means horizontal focussing
— This means that the average field increases with radius
3. The momentum compaction a &~ 1/(k+1) o R

: : i op
— Large momentum bite = small orbit excursion )

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ Scaling and non-scaling FFAGs

k
I
rO
where k >> 1
oc I k+1
p Scaling FFAG LowE
Invented in 1999
k
r
rO
where k =1

Linear magnets!

i.e. quadrupoles Non-Scaling FFAG LowE

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Simpler Magnets

Ken Peach John Adams Institute



@ The ns-FFAG

 Should combine the advantages of FFAGs

— Fixed Field

« Fast cycling (limited essentially by RF)
« Simpler, cheaper power supplies

* No eddy-currents

* High intensity (pulsed, ~continuous)
 Low beam losses

- Easier maintenance and operation
 Lower stresses

— Strong Focussing
« Magnetic ring
« Variable energy extraction
« Higher energies (than cyclotrons)
» Different ion species possible

 with relative ease of construction

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



... SO ... where is the catch?

Ken Peach

 Variable tune!

F
D D
" HighE
Scaling FFAG Lo B

Non-Scaling FFAG Low E

John Adams Institute
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Design orbit

Chromatic close orbit

5 Off-momentum
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@ Does it work?

 We do not know!
— There is no “no-go” theorem

* Need for a “proof of principle”
demonstrator

— EMMA
« Electron Model for Many Applications

— Originally Electron Model for Muon Acceleration

* Funding obtained in the UK to design
and build a EMMA — the world’s first
non-scaling FFAG accelerator!

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Location of EMM

Ken Peach

8.35 MeV

Boaster
Cavity
350 KeV

John Adams Institute

Superconducting

Superconducting
Linac

Dipole Chtcdne
Compressor .

I\ FEL Optical Cavity (9.224 m) __.

Laser Room Diagnostics Room

P cerire Energy Recovery Linac Prototype Accelerator Layout
= Laser to Eleatvo-oplic ceamiine

Coratiucied from Layoul Diowing - 180710078 £

ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Magnet Type Units QD QF
Quantity 42 12
Inscribed radii | mm 51.0 36.0
Goodgradient | ., | 550 99 |+15.8 -32.0
region
G°°:'u9a:;:ie"t % +0.1 +0.1
Gm?si::r: ;;:z;'gth T 0.367 0.403
Gradient strength | 0.440 0.483
{max)
Translation

After Neil Bliss

Ken Peach

John Adams Institute
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EMMA Parameters

42 identical straight
length 394.481 mm

Long drift | 210.000 mm
F Quad 58.782 mm
Short drift | 50.000 mm
D Quad 75.699 mm

Parameter

Kinetic Energy range
Injection

Number of cells
Latlice

Cell length
Circumference
Average beam current
Injected emittance
Model acceptance
Orbit swing

Bunch charge
Repetition rate

RF Frequency

RF Frequency range
RF voltage

NMumber of RF cavities

Value

10 — 20 MeV

10 — 20 MeV

42

F/D Doublet

394481 mm
16568.202 mm

13 uA

5-20 mm mrad (norm.)
3000 mm mrad (norm.)
3 cm

16-32 pC single bunch 1 -2 E8
1,5, 20 Hz

1.3 GHz

(1.295981 to 1.301554)
20 — 120 kV/cavity

19

Ken Peach John Adams Institute

ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



EMMA at the ALICE@Daresbury

After Neil Bliss

Ken Peach

John Adams Institute

ALICE Parameters

Parameter

Nominal Gun Energy
Max. Booster Volts

TL 2 Energy

Max. Linac Volts

Max. Energy

Linac RF Frequency
Bunch Repetition Rate
Bunch Spacing

Max Bunch Charge

Particles per Bunch

Value

350 keV

a8 Mv

8.33 MeV
26.67 MV
35 MeV
1.300 GHz (+/- 1 MHz)
81.25 MHz
123 ns

80 pC

5x 108

ICPP Istanbul “in Memoriam: Engin Arik and her colleagues
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@ Status of EMMA

* Funded! (~£6M)
— Started 1st April 2007

 Lattice - fixed
« Component design -ongoing
— Prototype quads being measured now

* Final design - complete Jan 08
* Construction - complete Jul 09
 Beam studies - until Sep 10

— At least ...

After Tkeichiro Yokoi

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues
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@ The requirements

* There are obvious potential benefits
from proton/light ion therapy

— Need to maximise the benefits

 Requirements
— Rapid variable energy extraction
— Rapid variable transverse spot scanning
— Variable ion species
— Accurate dose measurements
* Flux control

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Clinical Requirements

Farameter Value Units | Cormnent
Extraction energy (proton) [Min, hiax) 60, 240 MeV | Bhould be variable?
Eztraction energy (carbon) [Min, Max] 110,450 MeWiu | Canthese be discrete?
Energy step (protons) [@in, @hiax] 3,1 eV
Lnergy step (carbory [@Min, @M lax] 15, & heWiu
Energy resolution AE/E [@Min, @hax] 35,18 Y Also the absolute energy scale
stability
Voxzel Size [Min, MMax) 4xd =4 1TIT
10=10=10
smallest Field of view [Mdin, hdax] 100=100 ITIT
250250
Clinical Dose rate (protons) [Min, Max] 2 =10 Gry/min | 16 nA, or 101 protons sec!
Clinical Dose rate (carbor) [Min, Max] 2,»10 Gy/min | 0.3 nA or 3 X 10% carbons sec’!
Cycle rate [Min, hax) 052 kHz | To beat synchrotron
Bunch charge (protons) [Min, hax] le-16 pC
Bunch charge (carbor) [MMin, Max] 300 -3000 fio
Bunch charge stability and bunch charge <10 %o 100 pulsesfvoxel give <1%
measurement accuracy dose accuracy

Ken Peach John Adams Institute
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@ PAMELA Objectives

* Produce the conceptual design for a
combined proton/carbon/light ion cancer

therapy facility
— 250 MeV protons, 400 MeV/u Carbon

* Preliminary performance parameters
— >100 Hz cycle rate and one turn ejection

— Dose rate of 2 to 10 Gy/minute.
* (1Gy ~ 2 x 10" protons)
— Voxel size from 4x4x4 mm3 to 10x10x10 mm?3

— Up to 100 pulses/voxel

« With a typical tumour volume of 250 cm?3 & voxel-
volume 0.064 cm3 (4x4x4), there are 4,000 elements,
which with 10 to 100 pulses for each voxel needs 40k
to 400k pulses in around 300 seconds, or a cycle rate

of 133 Hz to 1.3 kHz.

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ Accelerator Technology?

* 4 possible technologies

— Cyclotrons

* Fixed energy extraction, difficult for Carbon at
full energy (equivalent to 1.2 GeV/c protons)

— Synchrotrons

* Flexible, but difficult to meet the pulse
requirements; slow extraction difficult; normal
conducting machine (stability?)

— (ns) FFAG

 Flexible, rapid cycling (fixed field), variable
energy ... but ... unproven technology

— Laser-Plasma lon accelerators
 Far in the future ...

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ Challenges

* The non-relativistic, non-scaling
Fixed-Field Alternating Gradient
Accelerator (nrns-FFAG) is a new
type of accelerator

— Very dense lattice

— Challenging magnets, RF, injections
and extraction
— Resonance crossing
— Stability
« EMMA will demonstrate the ns-FFAG
« PAMELA will demonstrate the nrns-FFAG

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ Status

+ Studies underway using a test lattice

— Magnets — probably combined function
superconducting magnets

— RF — a number of schemes are being
considered

— Injection and extraction — will constrain the
lattice parameters

« Aim
— Design a new lattice with a cell that can be
engineered by end of 2008
— Work through the design in 2009
— Incorporate the lessons from EMMA
— Produce a conceptual design in 2010

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ PAMELA

Particle Accelerator for
MEdical Applications

N

Protons or carbon iony
]

Fixed Field Alternating Gradient
Accelerator

Protons or carbon ions)

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Medical Requirements

Ken Peach

Dose per fluence (Gy em?2 1.602x104-10)

Relative dose

[ « SOBP in IMPT was studied using

1 analytical model of Bragg peak

- Beam intensity quantization needs
intensity modulation of 1/100 for
dose uniformity of 2%.

o (Minimum pulse intensity:~106
proton/1Gy)

S T rl AR

« Monitor is a crucial R&D
o If 1kHz operation is achieved

« > 100 voxel/sec can be
scanned

0o 2 4 6

John Adams Institute

8

Range (cm)

« 1 kHz repetition is a present
goal (For proton machine :
200kV/turn)

10 12 14 16 18 20

ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



@ Injector

* |Injector: proton and heavy ion injection
— (IC group lead by J. Pozimsky)
— Cyclotron for proton, RFQ for Hi
— Typical beam emittance from injectors:
* 1t mm mrad (normalized)
Tracking study of RFQ line in progress.

— (transmission efficiency> 75% is achieved
— 5% Stability of intensity

spectrometer stripping switching
C“pOIe(chopper) foil cllpole beam
 — “RFQ ||  IH/CHlinac | dumps
aperture. 7 MeV/u l ..: I
[
HMiens P\
‘ FFAG
ECR
cyclotron
30 MeV
carbon ions

protons

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



A Dense proton/carbon Lattice

tn
|

Carbon 69-400 MeV/n
— Proton 31-250, Carbon 7.9-69 MeV/n
Proton 7.95-31 MeV

Distance (m)
o
|

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Acceleration studies

15
10

.!.I_I I- .1 T

X"(cm)

- dx: 100um(RMS) - rf: Skv/cell

!_I.I_I!._ 1

100 125 150 175 200 225 250

Ey,(MeV)

§ " fdxlOMm(RMS)

By, (MeV)

o b dxiTpmRMS)y

X"(cm}l

10

Edl o100 | L1 Iil I B B R Ilil Iil “i‘“l”l“l
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Lattice option

6 T
///,:-.-:' Q\\ Number of cell: 8 )
dl . 1 Injection/extraction energy 31/250 MeV SMaChlda
| || jection/extraction 0.243/0.729 GeVic proposed semi-
o momentum .
E of { | Magnet length 0.314m scaling FFAG for
L \\ ” | Space bet'ween ma'.gnets 0314 m proton thera py (Up
\ “ Long straight section 2.357m to decapole)
-4} o~ P { | Bending field strength 44T
O o Number of cell: 8
- -6 -I4 -I2 Io I2 I4 6 | Injection/extraction energy 31/250 MeV
X [m]
o 1c C . c
-3 o Tune drift Av<1 (No integer crossing,
Bos, no structure resonance crossing)
0.7F .
05t . Orbit excursion ~30cm
0.5F . .
0ab . Long straight section (>2m)
0.3}
02 = H.Witte (magnet), S.Sheehy
01 (Lattice)
Y S Y B I T a—
A p/p
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@ Magnets?

« Lattice by S. Machida

— semi-scaling FFAG for proton 6
therapy
+ QF ;|
— Dipole 1T
— Quad 4 T/m

— Sextupole 0.76 T/m?

— Octupole 0.0912 T/m?

— Decapole 0.007752 T/m*
- QD

— 80% of QF

 Envisaged coil length:
0.314 r% ° |

« Additional Space: | | | |
0.314 m between magnets 0 1 2 3 a 5 6

* Maximum coll length: X [m]
0.45 m?

« Focus on QF (worst case) 4.4 T with 314 mm space

y [m]
w




Double helix magnet concept
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RF

Relativistic Velocity Factor vs Energy

1.0 ++++++++++++++++++++t+
25 50 75+ 100 125 150 175 200 225 250 275 300 325 350 375 400 425
0.9 1 Carbon 6" (MeV/u)

0.8 -

0.7 -

0.6 -

0.5 -

04
— Protons

0.3 = Carbon 6+

0.2 -

Relativistic Velocity Factor beta

0.1 -

0.0

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Proton Kinetic Energy (MeV)
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Acceleration schemes

Repetition rate: 1kHz < min. acceleration rate : 50kV/turn (=250Hz)

= How to bridge two requirements ?7?
Option 1

11/

Low Q cavity (ex MA) can mix wide range of frequencies

p=| (z\é)z dit

(2V)?2 = (zV,sin[ f, (H)])?
= SV, snf, O + Zsinl (0] -V, sinl ()

Jdt——)O

Ken Peach

Option 1: P« N
Option 2: P< N

2
rep

rep

Multi-bunch acceleration is preferable from the viewpoint of efficiency

and upgradeabilit
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RF Issues

« Variable cyclotron frequency -

ﬁm

— RF schemes ®< ®< @ C?)< ®<

« Harmonic jump

Frequency versus Turn

140.0

—

120.0

100.0 -

« Variable frequency

80.0

z
=

60.0 /

40.0

20.0 -

0.0

‘equency versus lurn
1 99 197 295 393 491 589 687 785 883 981 1079 1177 1275
Turn

80.0

- Variable voltage/phase - 7//7' "

— Try to vary the 50.0

acceleration rate to £ 400
reduce the 300
frequency sweep 200
10.0
0.0

1 97 193 289 385 481 577 673 769 865 961 1057 1153 1249
Turn
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Multi-bunch Acceleration

Multi-bunch acceleration has already been demonstrated

084.192 kHz
Bunch envelope

\

1068.12 kHz

1.1

frequency [MHz]

ekl ionie] s

time [msec] RF voltage envelope FFT result
2-bunch acceleration using POP-FFAG (PAC 01 proceedings p.588)

Typical synchrotron tune <0.01
= more than 20 bunches can be accelerated simultaneously

“Hardware-wise, how many frequencies can be superposed ??”

ICPP Istanbul “in Memoriam: Engin Arik and her colleagues
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@ Civil Engineering and Layout - HIT

61m
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PAMELA

Ken Peach

() P Magnetcells SIDE-BY-SIDE RINGS #2

@ C Magnet cells

10m

@ rF

[:) P, C injection
@ c transfer
- P extraction
- C Extraction

18x21m

TO CARBOMN GANTRY

CARBONRI

NG

I.:’“”

Rooms are
along similar
directions

TO PROTOMN GANTRY

John Adams Institute
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Particle Therapy Cancer Research
Institute

.“ UnisereTe ot Loatan

The Particle Therapy Cancer Research Institute aims to encourage
the education, research and investment required to develop
advanced technology treatments for cancer.

Destroying cancer nen-imasively using protons or changed light lons such as carbon (Particle Therapy Cancer Reseanch
of PTCR) offers adwvantages over comventional radiotherapy using x-rays, since a far lower radiation dose s delivered to
healthy normal tissues. Partice Thermpy Is also an alternative to radical ancer surgerny. Despite eNOrMOUS pFOgReEss In
recent years, traditional treatments can be aggressive, leading to short and long term reductions. in quality of life. The

PTCR Institute studies the dinical effectivensss of charged particle therapy to treat cancer, promoting Its use Inthe LK
and elsewhere an the besis of rebust cinical evidence.

Director: Professor Ken Peach
www.pctri.o.acuk
Ken Peach John Adams Institute
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. Royal Holloway

University of London

Accelerator Driven Sub-critical Reactors
(ADSR)

http://www.adams-institute.ac.uk http://www.basroc.orqg.uk Ken.Peach@adams-institute.ac.uk




Accelerator Driven Sub-critical Reactors
(ADSR)

« Unlike 23°U, pure 233U and #**Th cannot be
made into a critical mass

 However, in the presence of an external
source of neutrons, both 238U and 23°Th are
fissionable

« But 238U inevitably produces %3°Pu
— Proliferation ...

e 233Th does not

« 233Th is the 39t most abundant element
— 7.2 parts per million (ppm) in the Earth’s crust

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



Another issue — Uranium supplies

Cumulative natural Uranium demand and resource levels (Million ton U)

o 25
(-

N
T

—
i

Variant 1

Continued Growth \

“
-
-
-
-
-
-
-
-

-

i

-------- Reserves = 2.12 Mt

T

Natural Uranium Metal (Million to
i

| | | | | |
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

 Kyoto Nuclear Scenarios Variant 1

After Y Kadi, CERN
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@ A Basic ADSR Power Plant Schematic

Accelerator ‘

Reactor

Actinides Fuel Fabrication '

Other reactor waste Reprocessing

Fission Fragments

After Y Kadi, CERN
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@ ADSR opportunities & risks

 ADSR is intrinsically “safe”
— No plutonium
— Sub-critical — stops if no neutron source
— Abundant fuel
— Treats actinides from ~ 4 nuclear reactors

 Major ADSR-specific technical risks

— Accelerator reliability
* Needs > 99% availability
 No unscheduled interruptions > 1 second
— Beam window(s)
 Proton beam penetrates the reactor vessel
« Containment
— Spallation target power density
e Multi-MW

Ken Peach John Adams Institute ICPP Istanbul “in Memoriam: Engin Arik and her colleagues



ADSR Projects

Ken Peach

Table 5.6: Selected Accelerator Driven System (ADS) projects.

Project Neutron Source Core Purpose
FEAT Proton (0.6 te 2.75 GeV) Thermal Reactor physics of thermal subecritical system
(CERN) (~101°p/s) =1W) (k=0.9) with spallation source - done
TARC Proton (0.6 to 2.75 GeV) Fast Lead slowing down spectrometry and
(CERN) (~101Dp/5) =1W) transmutation of LLFP - done
MUSE _4nl0 Fast ; .
(France) DT (~10 "n/s) (< 1 KW) Reactor physics of fast subcritical system - done
YALINA DT (~10"n/s) Fast Reactor physics of thermal & fast subcritical
(Belorus) (< 1KW) system - done
MEGAPIE Proton (800 Me) . Demonstration of 1MW target for short period -
(Switzerland) + Pb-Bi (1MW) done
TRADE Proton (140 MeV) Thermal Demonstration of ADS with thermal feedback -
(ltaly) + Ta (40 kW) (200 kW) cancelled
TEE-P Proton (600 MeV) Fast Coupling of fast subcritical system with
(Japan) ] i (< 1KW) spallation source including MA fuelled
+ Pb-Bi (10W, ~10 "n/s) configuration - postponed
SAD Proton (860 MeV) Fast Coupling of fast subcritical system with
(Russia) + Ph-Bi (1 kW) (20 kW) spallation source - planned
TEF-T Proton (600 MeV) Dedicated facility for demonstration and
(Japan) ] - accumulation of material data base for long term
p + Pb-Bi (200 kW) - postponed
MYRRHA Proton (800 MeV) Fast Experimental ADS - under study FP6
(Belgium) + Pb-Bi (1.5 MW) (60 MW) EUROTRANS
3 Proton (600 MeV)
XET AL F5305t1 — Prototype ADS - under study FP6 EUROTRANS
(Europe) + Pb-Bi or He (4-5 MW) (50- )
EFIT Proton (=1 GeV) Fast Transmutation of MA and LLFP - under study

John Adams Institute

ICPP Istanbul “in Memoriam: Engin Arik and her colleagues

From the Thorium
Report Committee of
the Research Council

of Norway February
2008




@ Accelerator requirements

Proton Energy ~ 1 GeV
For 1GW thermal power:
* Need 3 10" fissions/sec (200 MeV/fission)

« 6 1077 spallation neutrons/sec (k=0.98 gives 50
fissions/neutron)

« 3107 protons/sec (20 spallation neutrons each)
Current 5 mA. Power =5 MW

vvmp [ | S p AV 4 [ | ’ [ |
590 MeV, 72 MeV injection
2mA, 1MW

Roger Barlow/FFAG 08
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Specification

Synchrotron
Current far too high.
Cyclotron
_ Complicated
Energy too high for (ramping magnets)
classical cyclotron. On
FFAG

the edge for other

types Looks like the answer
Linac Similar to proton therapy except
| higher current and no need for
Can do the job. But variable energy extraction
VERY expensive

Roger Barlow/FFAG 08

Ken Peach

John Adams Institute

Very similar to neutrino factor
proton driver
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@ Reliability

* No long shutdowns — lose money

* No unplanned shutdowns - lose
money and customers

« Spallation target runs hot. If beam
stops, target cools and stresses and
cracks: no more than 3 trips per year

Cars and planes achieve this...

Roger Barlow/FFAG 08
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@ The ultimate redundancy

Could have several (3) accelerators for
one reactor core

If FFAGs are really as cheap as we’re
promising

After Roger Barlow/FFAG 08
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@ Summary

* Non-scaling FFAG accelerators are:

— New
— Untried

— Interesting for
* Neutrino physics
« Cancer therapy
— And other applications

» Spallation neutron sources, muon sources
» Accelerator driven reactors, nuclear waste disposal

* We will know in ~3 years if they work

— Let us hope that they do ... they could be
very useful devices ...
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In memoriam
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'f'-Dqurhnl Engin &bkt F. Senel Boydag lskender Hikmet  Mustafz Fidan
gan
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